Abstract: It is shown that the 3-3-1 model with the minimal lepton content can work as two-Higgs-triplet 3-3-1 models while leaving the other scalars as inert particles responsible for dark matter. We study two cases of dark matter corresponding to the doublet and singlet scalar candidates. We figure out the parameter spaces in the WMAP allowed region of the relic density. The indirect and direct searches for dark matter in both cases are investigated by using micrOMEGAs.
Introduction
Cosmological observations [1] suggest that there must exist cold dark matter contained approximately 27% of all energy density of the Universe. Dark matter is mysterious and an interesting subject in particle physics as well as in astrophysics. In the context of particle physics, the most popular dark matter candidates perhaps include the lightest supersymmetric particle, the lightest KK particle, the lightest T -odd particle, the axion, some form of sterile neutrinos, inert scalars, and the others [2] .
The Standard Model is very successful in describing experimentally observed phenomena, but it leaves some unsolved problems, such as neutrino masses and mixing, matter-antimatter asymmetry, dark matter, dark energy and etc., which guides us to go beyond the Standard Model. One simple way to go beyond the Standard Model is that we extend the gauge group SU (2) L ⊗ U (1) Y to SU (3) L ⊗ U (1) X [3, 4] . The class of SU (3) C ⊗ SU (3) L ⊗ U (1) X (3-3-1) models has many interesting characteristics since they can explain the number of fermion generations, the uncharacteristically-heavy top quark [5] , the electric charge quantization [6] , the light neutrino masses [7] , and dark matter [8] .
There are two main versions of the 3-3-1 model depending on which type of particles is located at the bottom of the lepton triplets. The minimal 3-3-1 model [3] uses ordinary charged leptons e R , while the version with right-handed neutrinos includes ν R [4] . There is no dark matter candidate in the original minimal 3-3-1 model, neither in the original 3-3-1 model with right-handed neutrinos since the new particles in these models are electrically charged or rapidly decay. A natural approach [9] is that the stability of dark matter is based on W parity (similar to R parity in Supersymmetry) by considering the baryon minus lepton numbers as a local gauge symmetry. However, this mechanism works only with the 3-3-1 model with neutral fermions (N R ) that possess L(N R ) = 0 and B(N R ) = 0. To solve the issue of dark matter in the original 3-3-1 model, one might introduce a Z 2 symmetry so that one scalar triplet of the theory is odd, while all other fields are even under the Z 2 symmetry: The odd particles act as inert fields [10] . Therefore, the lightest and neutral inert particle is stable and can be a dark matter [11, 12] .
The minimal 3-3-1 model originally works with three scalar triplets ρ = (ρ 2 , χ 0 3 ), and either with or without one scalar sextet S. In order to enrich the inert scalar sector responsible for dark matter, one can consider the reduced 3-3-1 model [13] by excluding η and S, or the simple 3-3-1 model [11] by excluding ρ and S. Unfortunately, the reduced 3-3-1 model gives large flavor-changing neutral currents as well as large ρ parameter because the new physics scale is limited by a low Landau pole of around 5 TeV. The approach with the simple 3-3-1 model seems to be more realistic, except a discrepancy between the FCNC and ρ parameter constraints (however, this has not really ruled the model out). Additional inert scalars can be a triplet ρ or sextets (S, σ) or a replication of η or of χ. Among these proposals, the simple 3-3-1 model with inert scalar sextet σ (that has X = 1 where X is the charge of U (1) X ) or with the replication of η or of χ can provide realistic dark matter candidates. Dark matter candidates for the model with inert σ has already been studied in [11] . In this work, we focus on dark matters in the models with η and χ replications.
Our paper is organized as follows: In section 2, we briefly describe minimal 3-3-1 models that behave as the simple 3-3-1 model and the versions with η and χ replications. We also calculate the interactions of the inert particles with the normal matter sector. In section 3, we present the dark matter relic density and experimental searches for those two models. Finally, we summarize our work in section 4.
2 Brief description of minimal 3-3-1 models
The simple 3-3-1 model
The fermions of the simple 3-3-1 model are arranged as [3] 
The model works well with two scalar triplets [13] as
) is the lightest inert particle (LIP), it can be the dark matter candidate.
Let us calculate the interactions of the inert particles with the normal ones. Due to the Z 2 symmetry, the inert scalars interact only with normal scalars and gauge bosons, not with fermions.
The Higgs boson-inert scalar interactions are obtained by expanding the V η as follows 2.17) All the interactions of the inert scalars with the normal Higgs bosons are listed in Table 1 . Note that the symmetry factor and imaginary unit as imposed by the Feynman rules are not included in the tables (the interacting Lagrangian is understood as coupling times vertex, respectively).
The triple interactions of the two inert scalars with one gauge boson are given in 
The quartic interactions of the two inert scalars with two gauge bosons are given by (2.19) All the triple and quartic interactions of the inert scalars with gauge bosons are presented in Table 2 and Table 3 , respectively.
The simple 3-3-1 model with χ replication
The χ replication takes the form
The χ is assigned odd under the Z 2 symmetry that requires < χ >= 0. The additional potential into Eq. (2.4) due to the χ field is given as
To make sure the scalar potential is bounded from below and the Z 2 is conserved by the vacuum, we impose µ 
by themselves with the respective masses are obtained as
is the LIP, it can be the dark matter candidate.
Let us consider the interactions of the inert Higgs with the normal ones as well as the gauge bosons. We remind that the inert scalars do not interact with fermions because of the invariance under the Z 2 symmetry.
The Higgs boson-inert scalar interactions are obtained as follows
Interactions of the two inert scalars with one gauge boson are appeared in
The quartic interactions of the two inert scalars with two gauge bosons are given by
The interactions of the inert scalars with the normal Higgs bosons in this model are given in Table 4 , while the gauge-inert field interactions are listed in Table 5 and Table 6 .
3 Dark matter in minimal 3-3-1 models
The simple 3-3-1 model with inert ρ triplet, and the model with inert scalar sextet were previously considered in [11] . In this work, we study dark matter in the simple 3-3-1 model with η replication (called η −model for shortcut) and the model with χ replication (called χ −model) in details. In order to calculate the relic density as well as indirect and direct searches for dark matter, we use micrOMEGAs [15, 16] after expanding the relevant interactions and implementing new model files into CalcHEP [17] . All possible annihilation and coannihilation channels are considered in the computation of the relic density. The coannihilation may reduce the relic density significantly if the mass of the inert particles exist within around 10 % or even 20 % of the LIP (lightest inert particle) mass [18] .
Dark matter annihilation produces pairs of the Standard Model particles (or new particles in our model) that hadronize and decay into stable particles. Indirect search observes the signals of positrons, anti-protons, gamma-rays that are finally produced in 
dark matter annihilation processes. MicrOMEGAs computes the photon, positron, antiproton flux at a given energy E and the angle in the direction of observation, which can be the source for experiments PAMELA, Fermi, and etc.
In direct searches, one measures the recoil energy deposited by scattering of LIPs with the nuclei. In this work, both η −model and χ −model provide Higgs dark matter that can only contribute to the spin independent interaction with nuclei. To derive the LIP-nucleus cross section we use the method, as mentioned in [16] . All interactions of the LIP with Table 6 . Quartic interactions of the inert scalars with gauge bosons in the χ −model.
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quarks are input in the model files, CalcHEP then generates and calculates all diagrams for LIP -quark/anti-quark elastic scattering at zero momentum. The normalized cross section on a point-like nucleus is obtained as
where µ LIP is the LIP-nucleus reduced mass, µ LIP = m LIP m nuclei /(m LIP +m nuclei ) m nuclei . λ p and λ n are the effective couplings of the LIP to protons and neutrons, respectively. The couplings λ p,n are connected to the coefficients f N q , which are linked to the pion-nucleon sigma term σ πN and the quantity σ 0 [16] . Recent analyses suggest that [19] 
The direct rate does not change so much in the above ranges of σ πN and σ 0 . The results on the relic density as well as search for dark matter in each model are presented in subsections below.
Dark matter in the simple 3-3-1 model with η replication
The inert particles in the simple 3-3-1 model with η replication are
With the condition x 6 < Min{0, −x 4 , (w/u) 2 x 5 − x 4 }, H 1 is the LIP and it can be a candidate for dark matter. All possible annihilation channels of H 1 are listed in Fig. 1 The η −model contains parameters: µ 2 η , ω, λ 1,2,3,4 , x 1,2,3,4,5,6 . Let us chose some fixed ones as λ 2 = λ 3 = λ 4 = 0.1, x 1 = 0.01, x 2 = 0.03, x 3 = 0.01, x 4 = 0.07, x 5 = 0.08, x 6 = −0.09.
( 3.3) The coupling λ 1 is constrained by the mass of the Standard Model Higgs, m h = 125 GeV. From Eq. (2.16) the dark matter mass depends on the two parameters µ η and ω. Fig. 2 shows the relic density as a function of dark matter mass by varying µ η from 100 GeV to 5000 GeV for ω = 3 TeV (red), ω = 4 TeV (green), and ω = 5 TeV (blue). For each value of ω, there are two main regions of dark matter mass, m H 1 can be some hundreds GeV or at TeV scale. m H 1 should be heavier than 1.15 TeV for ω = 3 TeV (or m H 1 > 1.6 TeV for ω = 4 TeV, or m H 1 > 2.05 TeV for ω = 5 TeV ) or m H 1 should be lighter than 600 GeV for the three values of ω in order to satisfy the bound of the WMAP results on dark matter relic density [20] . The mass region of dark matter is quite narrow for each value of ω to provide the right abundance Ωh 2 = 0.1120 ± 0.0056 .
The three lines coincide at the region below 1 TeV as shown in Fig. 2 that infers we can have dark matter with the mass below 600 GeV for ω = 3 TeV or 4 TeV or 5 TeV. It is worth noticing that even though ω changes, we always can have m H 1 < 600 GeV in agreement with the WMAP results on the relic density. This conclusion is more clearly shown in Fig.  3 , in which we figure out the plane of ω − µ η (left) and ω − m H 1 (right) by varying both ω and µ η in the regions (3000 GeV< ω < 9000 TeV) and (100 GeV< µ η < 3100 GeV). The color regions are in agreement with the requirement Ωh 2 < 0.1176. The red regions satisfy 0.1064 < Ωh 2 < 0.1176. The lightest dark matter mass can be at electroweak scale (m DM (min) = 212.8 GeV for ω = 3 TeV, µ η = 1 GeV). The figure on the right panel in Fig. 3 shows that the 570 GeV-dark matter supplies the right relic density when ω changes, corresponding to the red point-line in the region µ η < 600 GeV on the left side. The mass of dark matter can be at TeV scale when the value of µ η is large enough. Now let us consider the results on indirect and direct search for dark matter in detail. For example, with ω = 3 TeV, µ η = 534 GeV we get m H 1 = 574.7 GeV and other inert annihilation/co-annihilation channels are 
correspondingly, for the angle of sight 0.10 rad and energy E = 100 GeV. The H 1 − p, n cross section is 1.5 × 10 −47 cm 2 and the total number of events is 2.2 × 10 −6 events/day/kg. The dark matter mass can be at TeV scale if we chose µ η = 1171 GeV for ω = 3 TeV. In this case the dominant channels of annihilation/co-annihilation can be heavy gauge bosons, such as H
For the dark matter with the mass around 570 GeV, the results on the relic density as well as search for dark matter do not change when varying ω since the couplings in the dominant channels do not depend on ω.
The plane < σ.v rel > −m H 1 for the abundance below the experimental upper bound, Ωh 2 (max) =0.1176, is shown in Fig. 4 . For the right abundance of dark matter, the total annihilation cross section times the relative velocity of incoming dark matter particles and the dark matter mass is in order of 10 −26 cm 3 /s, respectively for m H 1 < 2 TeV, and it decreases when m H 1 increases because the heavier dark matter is, the more the contribution of co-annihilation to the 1 Ωh 2 gets. Fig. 5 shows the values of σ LIP−nucleon as a function of dark matter mass obtained from micrOMEGAs by fixing the nucleon form factors, σ 0 = 30 MeV and σ πN = 73 MeV. The value of σ LIP−nucleon is 5.4 × 10 −48 cm 2 for Xe detector and the total number of events is 1.1 × 10 −8 events/day/kg for dark matter with mass around 2 TeV.
Let us calculate the direct dark matter search by hand and compare to the results achieved form micrOMEGAs. The dark matter scatters off the nuclei of a large detector via interaction with quarks confined in nucleons. Since the dark matter is closely nonrelativistic, the process can be described by an effective Lagrangian [16] , (3.5) Note that, for the real scalar field only spin-independent and even interactions are possible. There exist interactions of the pair H 1 couple to h and H 0 . However, the dominant contributions to H 1 -quark scattering are done by the t-channel exchange of h. We obtain The H 1 -nucleon scattering amplitude is taken as a summation over the quark level interactions with respective nucleon form factors. The H 1 -nucleon cross section is given as 7) where N = p, n denotes nucleon, and 8) where
The f N T q values were considered in [21] , 0, 118 ± 0, 062. (3.9) Taking m N = 1 GeV and m h = 125 GeV [22] , we obtain 10) with notice that the x 2,4,6 given in Eq. (3.3) . The σ H 1 −N got in Eq. (3.10) is inversely proportional to the square of the dark matter mass that is shown as a (blue) continuous line passed by the red region in Fig. 5 . It implies that the direct search calculated by hand is in nice agreement with the result yielded by micrOMEGAs package. Figure 6 . Diagrams contributing to the annihilation of the H 3 dark matter. We only list the channels, which are different from ones due to the annihilation of H 1 .
Dark matter in the simple 3-3-1 model with χ replication
The simple 3-3-1 model with χ replication contains six inert particles H
, H 3 , A 3 . If we assume that y 6 < Min{0, −y 5 , (u/w) 2 y 4 − y 5 }, H 3 is the lightest inert particle and can be the dark matter candidate. The annihilation channels of H 3 are almost similar to that of H 1 by shifting H 1 → H 3 and A 1 → A 3 . Fig. 6 only lists the channels which are different from ones due to the annihilation of H 1 . We see that there is only one possible diagram H 3 H 3 → Z 1 Z 1 ; Z 1 Z 2 ; W + W − , less than the number of diagrams corresponding to H 1 annihilation, while there are more possibility of
The parameters appeared in this model are µ 2 χ , ω, λ 1,2,3,4 , y 1,2,3,4,5,6 , in which the couplings λ 1, 2, 3, 4 are fixed as given in the η -model. Now let us consider the results for the relic density and indirect search as well as direct search with a set of y 1, 2, 3, 4, 5, 6 in the same order y 1 = 0.01, y 2 = 0.04, y 3 = 0.058, y 4 = 0.01, y 5 = 0.05, y 6 = −0.06.
The abundance is considered as a function of m H 3 shown in Fig. 7 for ω = 3 TeV (red), ω = 4 TeV (green), and ω = 5 TeV (blue). With the choice of parameters given in Eq. (3.11) , the dark matter in the χ -model should be heavier than 580 GeV for ω = 3 TeV (or 770 GeV for ω = 4 TeV, or m H 3 > 990 GeV for ω = 5TeV). It is illustrated more clearly in the ω − µ χ plane (left) and ω − m H 3 plane (right) in Fig. 8 . For each value of ω, there is a lower bound on the value of µ χ that results a respectively lower bound on m H 3 in order to satisfy the WMAP data. It is different from the η −model that the doublet dark matter H 1 in the η −model can be at electroweak scale but the singlet one H 3 in the χ −model should be heavier. By varying ω and µ χ in the ranges (3000, 9000) GeV and (100, 3000) GeV, correspondingly, we figure out the < σ.v rel > −m H 3 plane in Fig. 9 , in which the green regions satisfy the relic density Ωh 2 ≤ 0.1064, while the red ones yield the right abundance. The < σ.v rel > gets the typical value ∼ 10 −26 cm 3 /s for the dark matter mass below 2 TeV that is similar in the η −model. The direct search results depending on m H 3 are shown in Fig.  10 . The H 3 −nucleon cross section is 2.1 × 10 −47 cm 2 and the number of events is 8.7 × 10 −7 events/day/kg for m H 3 = 2 TeV.
Here, we give an example for the dark matter at low energy. For ω = 3 TeV, µ χ = 361 GeV, the dark matter with mass 589 GeV provides the abundance 0.11. The main annihilation/co-annihilation channels are
12) The photon flux, positron flux and anti-proton flux are
correspondingly, for the angle of sight 0.10 rad and energy E = 100 GeV. The H 3 − p, n cross section is 2.3 × 10 −46 cm 2 and the total number of events/day/kg is 3.3 × 10 −5 . For the same dark matter mass around 580 GeV, the signals in indirect search for dark matter in the η −model are more sensitive but the direct search results are lower than that in the χ −model. This conclusion keeps the same if we test for the dark matter in TeV range. Similarly, we can calculate the direct search by hand as analysis in the η − model. The effective lagrangian takes the form L S = 2λ q m H 3 H 3 H 3q q.
(3.13)
We obtain The result given in Eq. (3.15) is depicted as a (blue) continuous line shown on the left side in Fig. 5 for y 2 = 0.04. The line goes through the red region that indicates the result calculated by hand is in nice agreement with the one yielded from micrOMEGAs.
Conclusion
We have considered the minimal 3-3-1 model behaved as the simple 3-3-1 model with two scalar triplets η and χ, and the simple 3-3-1 model with η replication, namely η −model as well as the version with χ replication, namely χ −model. The original simple 3-3-1 model does not contain dark matter. By introducing an odd Higgs triplet (η in the η −model or χ in the χ −model) under a Z 2 symmetry while all other fields are even, the odd scalars are inert and do not mix with the normal ones. Due to the Z 2 symmetry, the two extra triplets have zero VEV and they either interact with the normal Higgs via additional potential or couple to gauge bosons through Lagrangian gauge-inert. There is no interaction between the inert particles and fermions. The lightest and neutral inert particle is stable and it can be the dark matter. The doublet dark matter H 1 in the η −model as well as the singlet dark matter H 3 in the χ −model have been studied in this work in detail.
We have calculated all relevant interactions, which can contribute to the annihilation/coannihilation processes. The results on the relic density as well as experimental searches for dark matter have been investigated by using micrOMEGAs package after inputting new model files. It is interesting that in both η and χ models, the dark matter masses can be a few hundreds GeV to several TeV and the region below 2 TeV gets the typical value of the thermally averaged annihilation cross section times velocity, < σv >∼ 10 −26 cm 3 /s. The dark matter-nucleon cross section yielded by micrOMEGAs and that calculated by hand are found to be coincident, which is experimentally acceptable. For a given value of ω, the region of dark matter mass providing the right abundance is quite narrow. The different results between the two models are • The doublet dark matter H 1 in the η −model can be at the electroweak scale but the singlet dark matter H 3 in the χ −model should be much heavier. There is a lower bound on m H 3 , for example m H 3 > 580 GeV for ω = 3TeV (or m H 3 > 770 GeV for ω = 4TeV, or m H 3 > 990 GeV for ω = 5TeV).
• For all values of ω, we always have the dark matter below 600 GeV in the η −model but not in the χ −model.
• The indirect search (the particles fluxes) for the dark matter in the η −model is more sensitive, while the direct search results such as the σ LIP−nucleon , the total number of events/day/kg, are lower for the same dark matter mass in comparison with the signals in the χ −model.
